BACKGROUND: This multi-centre phase II clinical trial is the first prospective evaluation of radioembolisation of patients with colorectal liver metastases (mCRC) who failed previous oxaliplatin-and irinotecan-based systemic chemotherapy regimens. METHODS: Eligible patients had adequate hepatic, haemopoietic and renal function, and an absence of major hepatic vascular anomalies and hepato-pulmonary shunting. Gastroduodenal and right gastric arteries were embolised before hepatic arterial administration of yttrium-90 resin microspheres (median activity, 1.7 GBq; range, 0.9 -2.2). RESULTS: Of 50 eligible patients, 38 (76%) had received X4 lines of chemotherapy. Most presented with synchronous disease (72%), 44 hepatic metastases (58%), 25 -50% replacement of total liver volume (60%) and bilateral spread (70%). Early and intermediate (448 h) WHO G1 -2 adverse events (mostly fever and pain) were observed in 16 and 22% of patients respectively. Two died due to renal failure at 40 days or liver failure at 60 days respectively. By intention-to-treat analysis using Response Evaluation Criteria in Solid Tumours, 1 patient (2%) had a complete response, 11 (22%) partial response, 12 (24%) stable disease, 22 (44%) progressive disease; 4 (8%) were non-evaluable. Median overall survival was 12.6 months (95% CI, 7.0 -18.3); 2-year survival was 19.6%. CONCLUSION: Radioembolisation produced meaningful response and disease stabilisation in patients with advanced, unresectable and chemorefractory mCRC.
Colorectal cancer (CRC) is a leading cause of cancer-related death (Bipat et al, 2007) . During 2006, there were 412 900 new cases of primary CRC diagnosed in Europe, and 207 500 deaths were reported (Ferlay et al, 2006) . The liver is the most common visceral site of CRC metastasis (mCRC) and recurrence, and consequently the main cause of morbidity and mortality among this patient group (McMillan and McArdle, 2007) . Approximately 15 -25% of people diagnosed with CRC are affected by synchronous hepatic metastases whereas a further 15 -20% of patients will develop metachronous liver metastases within 3 years following resection of the primary tumour (Manfredi et al, 2006) . If untreated, the median survival of patients with mCRC is 6 -8 months (Poston, 2004) . Less than 25% of patients are surgical candidates, due to the position, size or number of the liver lesions (Khatri et al, 2007) . Nevertheless, some 65 -72% of patients will experience a recurrence of their hepatic tumours within 3 years following resection, with or without peri-operative chemotherapy (Nordlinger et al, 2008) . For the majority of unresectable patients, the use of modern polychemotherapy regimens in combination with targeted agents has substantially extended median survival time, which is presently at 20 -24 months (Hurwitz et al, 2004; Falcone et al, 2007) . However, the majority of patients with mCRC will progress unless surgically resected. There remains a high medical need for effective treatments for patients with CRC liver metastases who have failed conventional chemotherapy regimens.
Radioembolisation delivers targeted radiation therapy to inoperable primary and secondary (i.e., metastatic) hepatic malignancies. It may be used simultaneously with chemotherapy to improve treatment-related response and prolong time to disease progression and survival compared with chemotherapy alone (Gray et al, 2001; van Hazel et al, 2004) , or as a monotherapy either during a chemotherapy treatment hiatus or in patients with chemotherapy refractory disease, where it is emerging as an important and useful treatment option (Kennedy et al, 2006; Jakobs et al, 2008) . Radioembolisation uses yttrium-90 ( 90 Y), which is permanently bound to biocompatible, non-biodegradable microspheres. Yttrium-90 is a pure-b emitter that decays to stable zirconium-90 with an average energy of 0.94 MeV and a half-life of 2.67 days (64.2 h). One GBq (27 mCi) of 90 Y delivers a high (total dose of 50 Gy kg À1 ) but very localised dose of b-radiation with amean tissue penetration of 2.5 mm and a maximum range of 11 mm (Kennedy et al, 2004) . The 90 Y microspheres are delivered through a temporary transfemoral catheter advanced under fluoroscopic guidance into the hepatic artery branches that supply the metastatic tumours. The microspheres preferentially lodge in the neovascular rim of the tumour(s) and deliver tumouricidal doses of radiation (Kennedy et al, 2004) .
The aim of the study was to evaluate the efficacy (clinical and radiographic responses, time to response, overall survival and progression-free survival) and tolerability of a single hepatic intra-arterial injection of 90 Y resin microspheres (SIR-Spheres; Sirtex Medical Limited, Lane Cove, Australia) in patients with unresectable, chemotherapy refractory CRC liver metastases as the sole or dominant site of disease.
PATIENTS AND METHODS

Patients
This was a prospective, multi-centre phase II trial in patients with unresectable, histologically proven CRC adenocarcinoma liver metastases and limited extra-hepatic disease (p3 nodules in the same extra-hepatic organ each o3 mm as assessed by 64-slice computed tomography (CT) , WHO or ECOG performance status p2 and were able to give informed consent. In addition, eligible patients were required to have (1) sufficient liver function for radioembolisation (defined as absence of ascites or synthetic liver dysfunction, together with total bilirubin o1.5 mg per 100 ml (o25.65 mmol l À1 ), and AST, ALT and alkaline phosphatase eacho4 Â upper limit of normal); (2) hepatic arterial anatomy that would enable safe delivery of microspheres to the liver only; (3) liver to lung shunting of o20% on a pre-treatment technetium-99m-labelled macro-aggregated albumin ( 99m Tc-MAA) nuclear scan and (4) a patent main portal vein. Patients were excluded if they were pregnant, had evidence of local recurrence of primary disease, inflammatory gastrointestinal disease or had received previous treatment with hepatic arterial chemotherapy or external beam radiotherapy to the liver.
Treatment
In all potentially eligible patients, CT was performed to define the location and extent of hepatic tumour involvement, followed by biopsy of one of the metastases, which was subject to a separate process of informed consent. Before radioembolisation, meticulous coeliac and superior mesenteric angiography was undertaken to map the hepatic arterial tree, identify arterial feeders to the gastrointestinal tract, and coil embolise the gastroduodenal and right gastric arteries and any other gastrointestinal tract feeders in the majority (93.8%) of patients. Once the hepatic arterial blood supply had been isolated, the 99m Tc-MAA injection was delivered into the proper hepatic artery in 75.0% of patients. In patients with aberrant hepatic arteries, two or more separate injections were performed in six patients and embolisation of vessels to redistribute blood flow was performed in three. Patients were then placed under a g-camera to determine the extent of hepatopulmonary shunting. The patient's body surface area (BSA) was determined using standard height/weight tables, with the activity of 90 Y resin microspheres to be implanted calculated using the formula:
Activity ðGigabecquerelsÞ ¼ ðBSA À 0:2Þ þ % tumor involvement 100
Among patients with disease limited to a single lobe, we used the lesion and lobe volume to calculate the percentage tumour involvement using the BSA formula at one centre in four patients; other treatment centres used whole-liver volumes. The activity to be implanted into the liver was reduced by 20 or 40% if the pretreatment 99m
Tc-MAA study showed hepato-pulmonary shunting of 11 -15% or 16 -20%. At 1 -2 weeks after the initial mapping angiogram, a second transfemoral hepatic arterial catheterisation was performed during which 90 Y resin microspheres were administered into the proper hepatic artery under fluoroscopic guidance as a single whole-liver procedure. All patients were admitted on the day of the procedure and discharged 1 or 2 days later.
Assessments
Haematological, liver function and blood biochemistry tests and physical examination were performed pre-treatment and on days 1, 8 and 30 and then at 6-week intervals after treatment. Radiationinduced pneumonitis was evaluated by X-ray on day 8 and then subsequently by chest -abdomen -pelvis CT scans.
Patients were assessed at 6-week intervals by chest -abdomenpelvis CT scan for tumour response. A confirmatory CT scan was performed not less than 6 weeks later in the event that a partial or complete response (CR) or stable disease (SD) was detected. Efficacy outcome rates were assessed by RECIST. Disease progression was monitored at 6-or 12-week intervals.
The nature and severity of all adverse events were assessed and recorded from the time of the initiation of protocol treatment up to 3 months after treatment. At the time of their occurrence, adverse events were attributed as being definitely, probably, possibly, unlikely or not related to radioembolisation. At the end of the study, a central review of adverse events and imaging responses was conducted.
A psychological evaluation was carried out using a battery of tests before radioembolisation and at 6 weeks after treatment. Patients were assessed using both cancer-and disease-specific questionnaires for quality of life evaluation (EORTC QLQ C30, EORTC QLQ CR38, EORTC QLQ LMC-21), an anxiety and depression evaluation scale (HADs), and a patient satisfaction questionnaire (EORTC QLQ SAT-32).
The primary end point of this trial was the objective tumour response rate (ORR) after a single intra-arterial injection of 90 Y resin microspheres. Secondary end points included tolerability, quality of life, duration of response, time to disease progression and overall survival assessed from the time of initiation of therapy. The trial was performed according to the Declaration of Helsinki Principles as well as the European Medicine Agency Guidance on Good Clinical Practice (CPMP/ICH/135/95; 17 July 1996). The study protocol was approved by the institutional review boards and ethics committee.
Statistical design
This phase II trial was planned as a single-stage design as described by A'Hern (2001) . The planned sample size of 48 patients was considered sufficient to give an 80% probability of rejecting a baseline response rate of 15% with an exact 5% onesided significance test when the true response rate was 30%. The treatment was rejected if o12 responses were observed. Efficacy and safety were evaluated according to an intention-to-treat analysis. The association between variables was tested by the Pearson's w 2 -test or the Fisher's exact test. Overall survival and progression-free survival were calculated by the Kaplan -Meier product-limit method from the date of radioembolisation until progression of disease or death from any cause or from malignant disease. If a patient had not progressed or died, survival and progression were censored at the time of their last visit. The log-rank test assessed differences between subgroups. Significance was defined at the Po0.05 level. SPSS 13.0 statistical software (IBM, Chicago, IL, USA) was used for analysis.
RESULTS
A total of 52 patients were enrolled and 50 patients (41 with colon and 9 with rectal primary sites) were included in the final analyses. Two patients were excluded due to excessive extra-hepatic disease. The median follow-up period was 11 months (range, 2 -29); two patients were lost to follow-up. Baseline characteristics are outlined in Table 1 . Most patients presented with synchronous (stage IV) disease (72%), 44 hepatic metastases (58%) (median size, 50 mm; range, 8 -120), tumour involving 25 -50% of the liver tissue (60%) and bilateral spread (70%). Eleven patients (22%) with limited extra-hepatic disease entered the trial (all with lung metastases and one with retroperitoneal lymph node metastases). Twelve patients (24%) had undergone previous hepatic resection of CRC metastases. All 50 patients (100%) had received 43 lines of systemic chemotherapy including at least one oxaliplatin-and one irinotecan-containing regimen; 38 (76%) received X4 lines of previous chemotherapy. Eleven patients (22%) had been treated with bevacizumab and five (10%) with cetuximab. All patients, except one, had stopped oxaliplatin-or irinotecan-containing regimens due to disease progression.
The median implanted activity of 90 Y resin microspheres was 1.7 GBq (range, 0.9 -2.2). One patient required a 20% reduction in implanted activity due to lung shunting exceeding 10%; and in another patient, the implanted activity was limited by stasis. In eight patients from a single centre, the implanted activity was reduced below the calculated activity due to concerns over the extent of pre-treatment and/or potential subsequent toxicity. The median interval between diagnosis of mCRC and radioembolisation was 17 months (range, 6 -71). Repeat radioembolisation was performed in one patient at 1 month to improve the treatment response and in a further two patients to treat progression at 5 and 10 months respectively. Fourteen patients with progressive disease (PD) had further systemic chemotherapy after radioembolisation.
Treatment response
A total of 46 patients were evaluable for response by RECIST; confirmatory scans on four patients were not available, but these patients were included in the intention-to-treat analysis for efficacy. Median time between the procedure and the maximum treatment response recorded by RECIST was 6 weeks (range, 6 -12). The confirmed ORR (partial or CR) was 24.0% (95% confidence interval (CI), 12.2 -35.8%) by RECIST, which met the pre-determined criteria for significance (P ¼ 0.05). One patient (2.0%) had a CR, 11 (22.0%) a partial response (PR), 12 (24.0%) SD and 22 (44.0%) PD. Among responders, the median maximum diameter of nodules diminished from 50 mm (range, 25 -64) to 35 mm. Treatment response was independent of performance status (0 vs 1-3, P ¼ 0.26), number of metastases (p4 vs 44, P ¼ 0.19), metastases size (p50 mm vs 450 mm, P ¼ 0.69), liver involvement (o25% vs 25 -50%, P ¼ 0.74), previous anti-angiogenic agents (bevacizumab vs none, P ¼ 0.52) or previous resection (P ¼ 0.87). There was no significant difference between responders and non-responders in the median (±s.d.) total activity administered (1.6±0.28 GBq vs 1.65±0.3 GBq, P ¼ 0.33) or median total liver volume treated (1444.22±309.06 vs 1753.82±444.82, P ¼ 0.31).
Of the 14 patients who subsequently received chemotherapy for disease progression at 3 months (n ¼ 1), 4 months (n ¼ 2) and beyond (n ¼ 11) after radioembolisation, 3 had a treatment response (CR or PR).
Figures 1 and 2 depict the treatment of a 64-year-old patient who received radioembolisation after progressing despite treatment with four lines of chemotherapy for multiple bilobar CRC metastases. Figure 1 shows the preliminary angiographic evaluation and subsequent evaluation following administration of 90 Y resin microspheres to the whole liver through the proper hepatic artery. The CT imaging after treatment (Figure 2) shows evidence of decreasing lesion size, intra-lesional necrosis and an improvement in the visualisation of the main right portal vein branch (which is an indirect sign of vein patency). The patient survived 1 year with no further lines of treatment. Two patients (4.0%) experienced sufficient reduction in the volume of their liver metastases to enable potentially curative resection of X3 segments. Figure 3 shows the tumour response for one of these resected patients after 90 Y resin microspheres were administered through the proper hepatic artery. This patient was initially considered unresectable due to vascular infiltration at the confluence of the right hepatic vein and inferior vena cava.
Progression
Of the 22 patients who initially progressed, 3.6% of patients had intra-hepatic progression, 28.6% intra-and extra-hepatic progression and 14.3% extra-hepatic progression only. For these patients, time to intra-hepatic progression was 2.8 months, 3.2 months for intra-and extra-hepatic progression, and 4.5 months for extra-hepatic only.
Survival
The median time to progression and progression-free survival was 3.7 months (95% CI, 2.6 -4.9). Median overall survival was 12.6 months (95% CI, 7.0 -18.3) with 1-and 2-year survival rates of 50.4 and 19.6% respectively (Figure 4) . The median survival from first diagnosis of CRC liver metastases and death or the end of this study was 31 months (95% CI, 29 -34).
There was a significant difference in survival between patients showing a response to radioembolisation (CR þ PR þ SD, n ¼ 24) and those who did not respond (PD, n ¼ 22) (16 vs 8 months, P ¼ 0.0006; Figure 4 ). Survival among responders and nonresponders was 79.2 and 20.2% at 1 year and 40.3 and 0% at 2 years respectively.
Adverse events
One patient died 40 days after treatment from acute renal failure and another responding patient died 60 days after treatment due to liver failure. Liver and kidney function tests in both patients were normal before treatment. Both deaths were classified as possibly related to treatment. All other adverse events, whether early (within the first 48 h), intermediate (within the first month) or late (2 -3 months after treatment) were mild or moderate in nature (WHO grade 1/2 adverse events) ( Table 2) .
Quality of life
Quality of life, as measured by cancer-and site-specific questionnaires (EORTC QLQ C30 and EORTC QLQ CR38) in 14 patients at 6 weeks, was not adversely affected by radioembolisation. Patients were satisfied with healthcare providers' interpersonal and technical skills as well as the information provided on the treatment. Patients showed a good compliance to physicians' advice (mean score of 8 on a visual analogue scale where '0' is a low and '10' is a high compliance score). The mean HADs scored '8' for anxiety and '9' for depression, indicating borderline pre-treatment levels of anxiety and depression. Six weeks after radioembolisation, patients' anxiety levels were significantly reduced (Po0.01); with no significant change in depression score.
DISCUSSION
This multi-centre phase II clinical trial is the first prospective evaluation of radioembolisation using 90 Y resin microspheres for inoperable CRC liver metastases in patients who had progressed on previous oxaliplatin-and irinotecan-based chemotherapy regimens. In heavily pre-treated patients refractory to the standard modern chemotherapeutic options, radioembolisation with 90 Y resin microspheres produced meaningful median response rates with a low toxicity profile and little or no detrimental effect on health-related quality of life surveys. Disease control, including SD, following radioembolisation occurred in nearly half of treated patients and was associated with a longer survival compared with non-responders. Mortality, possibly related to radioembolisation, was low (4%) and similar to the expected mortality with surgical resection (median 3%) in patients with less advanced disease (Simmonds et al, 2006) . Interestingly, a response to chemotherapy after radioembolisation was recorded in three patients; although this may have been, in part, a residual effect of the ongoing tumour shrinkage associated with radioembolisation that can be observed for several months after the initial inflammation and oedema (sometimes confused with disease progression) fade (Atassi et al, 2008) . In our study, the median survival of 12.6 months with 90 Y resin microspheres is consistent with findings from previous retrospective analyses of similar metastatic CRC patients treated with 90 Y microsphere radioembolisation. In these studies, median survival was 10.5 months for responding patients (compared to 4.5 months in non-responders) in one study (n ¼ 208 patients; Kennedy et al, 2006) and 10.5 months overall in the whole cohort in another study (n ¼ 41 patients; Jakobs et al, 2008) . In these studies and in our trial, radioembolisation was only evaluated in patients in whom currently available therapies had failed and who were ineligible for liver-directed therapy including radiofrequency ablation, intensity-modulated radiotherapy or stereotactic radiotherapy.
The results of our trial evaluating radioembolisation beyond 3 or 4 lines of chemotherapy match favourably with other trials of systemic chemotherapy. In this treatment setting, median survivals are 4.5 months for historical controls (Kennedy et al, 2006) , and 6.4 -10.0 months with irinotecan (Fuchs et al, 2003; Schoemaker et al, 2004; Van Cutsem et al, 2005; Seymour et al, 2007; Sobrero et al, 2008), 6.3 -9 .3 months for panitumumab (Van Cutsem et al, 2007 .7 months for irinotecan/ cetuximab (Cunningham et al, 2004; Sobrero et al, 2008; Wilke et al, 2008) , 10.8 months for FOLFOX4, 10.2 months for bevacizumab and 9.5 -12.9 months for FOLFOX4 or FOLFIRI and bevacizumab combined (Giantonio et al, 2007; Kang et al, 2009 ) as second, third or subsequent lines of systemic therapy in phase II/III studies. Recently, two small studies from the Paul Brousse Hospital in Paris have shown median survivals of 18.0 and 13.7 months with chronomodulated hepatic arterial infusion chemotherapy, and systemic circadian chronomodulated chemotherapy plus cetuximab, as a second or subsequent line of therapy (Bouchahda et al, 2009; Lévi et al, 2010) . However, the greater part of the evidence would seem to indicate that locoregional chemotherapy appears to provide little or no additional benefit compared with systemic chemotherapy for the management of unresectable colorectal liver metastases Pilati et al, 2009) ; although their combined benefit appears to merit further research (Alberts et al, 2010; Goéré et al, 2010) .
The positive outcome of our trial inevitably raises questions about whether the selection of patients with disease limited to the liver, who had survived following multiple lines of therapy, had benefited from previous therapy rather than radioembolisation. To answer this question, it has been shown in a recent evaluation that radioembolisation, compared with best supportive care in a contemporary treatment setting, was the most significant predictor of progression-free survival (P ¼ 0.003) and survival (Po0.001) for chemorefractory CRC liver disease in a multivariate Cox proportional hazard model (Ricke et al, 2009) . Remarkably, two patients from our trial were sufficiently downsized to enable potentially curative resection of X3 hepatic segments. This is consistent with the experience from other centres where radioembolisation of similar patients has converted unresectable to resectable disease and resulted in prolonged survival (Van den Eynde et al, 2008) .
Earlier treatment with 90 Y resin microspheres in patients with unresectable CRC liver metastases is likely to improve the efficacy and safety of radioembolisation as post-chemotherapy damage to the normal hepatic parenchyma may increase the risk of treatment-related toxicity such as radiation-induced liver disease (Sangro et al, 2008) . As the course of mCRC progresses, more patients are likely to be excluded from treatment using radioembolisation due to the development of extra-hepatic metastases, excessive hepatic tumour burden and/or compromised residual liver function. Therefore, using radioembolisation at an earlier point in the treatment of advanced disease may enable a greater proportion of patients to benefit from this therapy and provides the opportunity to combine this approach with suitable radiosensitising chemotherapy regimens.
Pelvic radiotherapy combined with chemotherapy is already the gold standard for neo-adjuvant and adjuvant therapies of primary rectal cancer (Deutsch et al, 2007) . Thus, CRC is known to be Y resin microspheres in unresectable, chemotherapy refractory CRC liver metastases in all patients (n ¼ 50); and among responders (CR þ PR þ SD; n ¼ 24) and non-responders (PD; n ¼ 22). responsive to chemoradiotherapy in a significant portion of patients. The addition of radioembolisation to first-line 5-FU/LV systemic chemotherapy has already been shown in a small randomised controlled trial to provide a significant increase in overall survival and time to progression of disease for patients with unresectable mCRC, compared with 5-FU/LV systemic chemotherapy alone (29.4 vs 12.8 months, P ¼ 0.025) (van Hazel et al, 2004) . Moreover, the overall responses rates were higher (72.7 vs 24.0%) and the time to progression was longer (18.6 vs 3.7 months) when radioembolisation was combined with systemic chemotherapy as first-line therapy than when radioembolisation alone was used later in our patients as a salvage therapy (van Hazel et al, 2004) .
In conclusion, the treatment response observed in this singlearm, phase II trial suggests that patients with liver-only or liverdominant CRC metastases who are chemotherapy refractory and who remain fit should be considered for salvage therapy using radioembolisation. The results of this trial warrant the further investigation of radioembolisation in combination with an appropriate radio-sensitising chemotherapy regimen earlier in the course of the disease to maximise the clinical benefits for patients with liver-only or liver-predominant mCRC.
